release from the ER activated unfolded protein response (UPR) signaling at injured sites.
Introduction
A series of pathophysiological events occurs around lesion sites following axonal injury in the peripheral nervous system (PNS). Axonal injury in peripheral neurons activates sequential 4 responses including axonal degeneration, known as Wallerian degeneration (Conforti, et al. 2014; Gerdts, et al. 2016 ). An initial and critical step for the regulation of regenerative responses after axonal injury is calcium ion (Ca 2+ ) oscillation induced by Ca 2+ influx from extracellular spaces via voltage-gated calcium channels (VGCCs) (Cho, et al. 2013; Ghosh-Roy, et al. 2010; Mar, et al. 2014; Rishal and Fainzilber 2014; Sun, et al. 2014 ). The retrograde propagation of Ca 2+ waves from injury sites towards cell somas enables communication between the distant sites, followed by acceleration of gene expression programs for axonal regeneration. Ca 2+ waves following injury also manipulate local events at injury sites, such as protein synthesis and signal transduction. Injury-induced axonal Ca 2+ oscillations regulate activation and translocation of histone deacetylase 5, extracellular signal-regulated kinases and dual leucine zipper kinase, which promote multiple regenerative responses (Cho, et al. 2013; Saito and Cavalli 2016) . Additionally, functional changes in the various axonal subcellular organelles, including the endoplasmic reticulum (ER), are observed in axotomized neurons (Valenzuela, et al. 2016 ). The ER is a central organelle responsible for protein synthesis and Ca 2+ homeostasis and is contained in distal axonal segments of polarized neurons (Broadwell and Cataldo 1983; Tsukita and Ishikawa 1976) . Axonal damage affects the ER proteostasis network and Ca 2+ handling in the determination of neuronal fate ). These findings regarding injury-induced Ca 2+ oscillation and functional changes in the ER implicate robust links among axonal ER functions, Ca 2+ dynamics induced by axonal injury, and regenerative responses propagated along the axons. However, the effect of axonal ER-regulated Ca 2+ dynamics on axonal injury-responsive signaling is still unexplored.
The ER handles diverse signaling pathways in response to intra-and extracellular phenomena to provide the optimal environment for protein synthesis and folding in the ER lumen. Among ER-derived signaling pathways, the unfolded protein response (UPR) is 5 induced by ER stress resulting from the accumulation of unfolded proteins in the ER lumen (Kaufman 2002; Ron 2002; Ron and Walter 2007) . The three major ER-resident ER stress transducers, inositol-requiring kinase endonuclease 1 (IRE1) (Tirasophon, et al. 1998 ), protein kinase R-like ER kinase (PERK) (Harding, et al. 1999) and activating transcription factor 6 (ATF6) (Yoshida, et al. 2000) sense ER stress and activate three distinct responses to ensure protein folding capacity; 1) acceleration of protein folding by expression of chaperone proteins (Yoshida, et al. 1998) , 2) suppression of protein translation (Harding, et al. 2000) , and 3)
activation of ER-associated degradation to deal with unfolded proteins (Friedlander, et al. 2000; Travers, et al. 2000) . Pathologically, ER dysfunction is involved in neuronal degeneration in several human diseases, such as Alzheimer disease (AD) and Parkinson disease (PD). The levels of UPR components correlate with the presence of abnormally phosphorylated tau (Hoozemans, et al. 2009 ) and accumulation of α-synuclein (Hoozemans, et al. 2007 ) in AD and PD neurons, respectively. In contrast, several lines of evidence support the contribution of UPR branches to axonal injury-induced events. For example, activation of x-box binding protein 1 (XBP1), downstream of IRE1, enhances motor recovery after spinal cord injury (Valenzuela, et al. 2012) , and injury-induced CCAAT enhancer binding protein homologous protein (CHOP), a downstream molecule of PERK, results in the induction of apoptosis and tissue damage after optic nerve injury (Hu, et al. 2012) . These findings suggest the prospective contribution of UPR signaling pathways to pathophysiological events induced by nerve injury. However, the mechanisms by which UPR is activated in response to axonal injury and the roles of UPR branches in the maintenance of axonal functions at injured sites remain unclear.
In the present study, we demonstrate that axonal injury-induced Ca 2+ release from the axonal ER lumen leads to activation of local UPR signaling. The local activation of UPR branches 6 promotes axonal regeneration by controlling the formation of the axonal ER and growth cones.
Our findings reveal the roles of axonal UPR signaling activated by injury-induced changes in Ca 2+ levels in the regulation of axonal injury-responsive outputs.
Materials and Methods

Experimental mice
Timed-pregnant female and male ICR/CD1 mice (average weight 25-30 g) were purchased from Charles River Laboratories Japan (Yokohama, Japan). The experimental procedures and housing conditions were approved by the Committee of Animal Experimentation at Hiroshima University.
Antibodies and inhibitors
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The following antibodies were used for immunofluorescence (IF) and immunoblotting (IB):
anti-tubulin β-3 (tuj1) (PMID: 28472653) (1:5,000, Southern Biotech). The following inhibitors were used: 100 μM 2-APB (Sigma), 10 μM dantrolene (Sigma), 10 mM EGTA (Wako), 10 μM GSK2606414 (Medchem Express), 20 μM 4μ8c (Sigma) and 10 μM GSK'963 (Aobious).
Cell culture
DRG spot culture was performed as described (Shin, et al. 2012 ) with minor modifications.
DRGs were dissected from embryonic day 13 mice and dissociated in trypsin-EDTA solution for 20 min at 37°C. Collected DRGs were triturated in medium and plated as a spot at a density of approximately one DRG per well in 5 μL medium on poly-L-lysine (Sigma) and laminin 8 (Corning)-coated wells. The plates were incubated for 10 min at 37°C to allow cells to attach to the plastic, and then Neurobasal medium (Invitrogen) supplemented with 2 mM glutamine, 2% B-27, 70 μg/ml penicillin, 100 μg/ml streptomycin, 100 ng/ml mouse nerve growth factor (alomone labs), 10 μM 5-fluoro-2' deoxyuridine was added. DRG axons were axotomized 7 days after plating with a blade (Hasegawa, TT-9). To treat the axon compartments of cultured DRG neurons with reagents, we used a microfluidic chamber (XONA microfluidics), according to the manufacturer's instructions. Axotomy was performed in the microfluidic chamber by pipetting the axon chamber medium 15 times. Pretreatment with 2-APB (100 μM), dantrolene (10 μM), EGTA (10 mM), GSK2606414 (10 μM), 4μ8c (20 μM) or GSK'963 (10 μM) was performed 30 min prior to axotomy. Assessment of axonal regrowth was performed 2 days after axotomy. For receptor-interacting protein kinase 1 (RIPK1) activation, tumor necrosis factor α (TNFα) (5 ng/ml, R&D Systems) was added to the culture medium.
Western blotting
We used samples extracted from primary cultured DRGs, or cell bodies and axonal compartments of DRG spot cultures. To prepare cell body and axon lysates in vitro, we cut around the neuronal cell bodies using a microscalpel and removed the cell bodies with forceps.
Then cell bodies and the remaining axonal compartment were lysed separately in lysis buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100) with protease inhibitor cocktail (Wako) and phosphatase inhibitor cocktail (Sigma). Protein concentration was assessed using the BCA assay Kit (Pierce). The supernatants of cell lysates containing the same amount of total proteins were loaded onto Tris-glycine gels and transferred to polyvinylidene difluoride (PVDF) membranes. To determine the levels of loading control proteins, membranes were probed with an anti-tuj1 antibody using separate membranes loaded 9 with the same amount of total proteins. Densitometry analysis was performed using ImageJ software (NIH). For western blotting, at least three separate experiments were performed, and representative blots are shown in the figures.
RT-PCR
The splicing of Xbp1 was analyzed by performing PCR in a 20 μl reaction containing 0.5 μM of each primer, 0.2 mM dNTPs, 3 units of Taq polymerase, and 10× PCR buffer (Agilent). The PCR conditions were as follows: 94°C for 5 min; 25 cycles of 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min; and 72°C for 7 min. The PCR products were resolved by electrophoresis on a 4% acrylamide gel. The density of each band was quantified using CS Analyzer 4 Image analysis software (ATTO Corporation). Sequences of primers used were: Xbp1 forward, 5'-acacgcttgggaatggacac-3', and reverse, 5'-ccatgggaagatgttctggg-3'.
Immunocytochemistry
DRGs were fixed with 4% paraformaldehyde for 10 min before blocking with 10% goat serum and 1% BSA in PBS for 30 min. Cells were then permeabilized with 0.1% Triton X-100
and incubated with appropriate primary and secondary antibodies. For F-actin staining, Alexa 647-labeled phalloidin (Invitrogen) was added before incubation with the primary antibody.
For quantification of neurite outgrowth, the length of all neurites was determined by tracing, using the Neuron J plugin (www. imagescience.org) of ImageJ analysis software. For line profiles of axons, we drew a line starting at the soma that extended down the axon and obtained fluorescence intensity using BZ-X Analyzer software (Keyence). TUNEL staining was performed according to the manufacturer's instructions using the DeadEnd TM Fluorometric TUNEL System (Promega). For a positive control, cells were treated with 10 units/mL of DNase I (Takara) for 10 min. Percentages from at least 500 counted apoptotic and non-apoptotic cells were determined. The samples were visualized using a BZ-X700 fluorescence microscope (Keyence).
Surgical procedures and immunohistochemistry
Surgical procedures were carried out under anesthesia with medetomidine (0.75 mg/kg), midazolam (4 mg/kg) and butorphanol (5 mg/kg). For sciatic nerve injury, the right nerve was exposed and then crushed once for 5 sec using #5 fine-tip forceps medial to the sural nerve branch. The left nerve was used as a sham operated control. Pretreatment using gel foam (Pfizer) with 2-APB (100 μM), dantrolene (10 μM), GSK2606414 (10 μM), 4μ8c (20 μM) or GSK'963 (10 μM) was performed 30 min prior to crush. Assessment of axonal regeneration using SCG10, and the phosphorylation of IRE1 and PERK were performed 3 days and 1 day, respectively, after sciatic nerve crush. The mice were sacrificed and perfused with 4% PFA.
The crushed sciatic nerve was isolated and post-fixed in 4% PFA at 4°C overnight. It was then transferred into 30% sucrose in PBS for at least 2 days. Tissue blocks were embedded in O.C.T.
compound (Tissue-Tek) and longitudinally sectioned at 8 μm using a cryostat (Leica) and mounted directly on slides (Matsunami). For immunostaining, the sections were permeabilized with 0.2% Triton X-100, 10% normal goat serum and 0.1% BSA in PBS for 1 h and then incubated with appropriate antibodies. To determine regenerative axons of the sciatic nerve 2 mm distal to the lesion, individual fibers of the distal sciatic nerve stained by SCG10 antibody were traced manually, and the mean density of traced SCG10 fibers was measured blindly from at least three random sections in each mouse using Image J software. For the quantification of phosphorylated IRE1 and PERK, the fluorescence intensity of a square area (0.3 × 0.1 mm) at 0.3 mm distal to the crushed line was measured using Image J. The samples were visualized using a BZ-X700 fluorescence microscope (Keyence).
Statistical analysis
Statistical comparisons were made using unpaired Student's t-test. Differences between groups with a p-value of less than 0.05 were considered significant (*p<0.05, **p<0.01).
Quantification data were collected from three to -five separate experiments.
Results
Blocking Ca 2+ release from the ER lumen suppresses axonal regrowth after axonal injury
It is well known that axonal injury-dependent Ca 2+ oscillations through VGCCs at an injury site and subsequent propagation toward the cell soma are essential events in the promotion of axonal regeneration ( Figure 1A ) (Cho, et al. 2013; Ghosh-Roy, et al. 2010; Sun, et al. 2014 ).
In addition to Ca 2+ influx from extracellular spaces, the ER is also able to induce Ca
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oscillations by the release of Ca 2+ from internal stores in the lumen through inositol triphosphate receptors (IP 3 R) and ryanodine receptors (RyR), localized in the ER membrane (Mattson, et al. 2000; Stirling and Stys 2010) . To evaluate the contribution of Ca 2+ release from the ER to injury-induced Ca 2+ oscillations, we checked the phosphorylation of protein kinase Cμ (PKCμ), which is phosphorylated via injury-induced Ca 2+ influx (Cho, et al. 2013) . We subjected spot cultures of mouse dorsal root ganglion (DRG) cells to axotomy. This culture model enables axons to be mechanically cut and the subsequent events to be monitored in vitro ( Figure 1B ) (Hippenmeyer, et al. 2005) . The phosphorylation of PKCμ was increased in axotomized DRG spot cultures ( Figures 1C, 1D ). The axotomy-induced phosphorylation was inhibited by pretreatment with 2-aminoethoxydiphenyl borate (2-APB) or dantrolene, blockers of IP 3 R and RyR, respectively Maruyama, et al. 1997; Zhao, et al. 2001) , 30 min prior to axotomy. The phosphorylation level of PKCμ was also decreased in DRG spot cultures treated with ethylene glycol tetraacetic acid (EGTA), a chelator for neutralizing Ca 2+ in extracellular spaces ( Figure 1E ), which is consistent with previous studies (Cho, et al. 2013 ).
These results suggest that axonal injury-induced Ca 2+ release from internal ER stores, as well as Ca 2+ influx from extracellular spaces may affect Ca 2+ oscillations and subsequent signal transduction. We next assessed whether ER-derived Ca 2+ signaling affects axonal regeneration following axotomy. Spot cultured DRG neurons were pretreated with 2-APB, dantrolene or EGTA 30 min prior to axotomy and axonal regeneration capability 2 days after axotomy was measured ( Figure 1F, 1G) . The pretreatment of DRG neurons with 2-APB or dantrolene reduced axonal regrowth, coinciding with those of EGTA. We also checked that the ratio of apoptosis was not affected by treatment with these agents (Figure 1H, 1I) . Collectively, these data indicate that axonal injury-induced Ca 2+ release from the ER lumen may contribute to the enhancement of Ca 2+ oscillations and promote axonal regeneration.
Axotomy-induced Ca 2+ release from the ER activates signaling pathways of UPR branches
Altered Ca 2+ homeostasis, such as depletion of Ca 2+ in the ER lumen leads to the activation of UPR signaling pathways (Cho, et al. 2013; Kaufman 2002; Krebs, et al. 2015; Ron 2002 ).
We hypothesized that axonal injury-induced changes in Ca 2+ levels in the ER lumen may trigger the acceleration of UPR signaling. Therefore, we examined the expression levels of UPR-related molecules in cell somas and axons of axotomized DRG neurons. The phosphorylation of ER stress transducers IRE1 and PERK was observed in both somas and axons of axotomized DRG spot cultures (Figure 2A, 2B) . The levels peaked from 6 h to 12 h 13 following injury. The downstream transcription factors of IRE1 and PERK branches, XBP1
and CHOP, respectively, were upregulated after axotomy. These transcription factors accumulated into the cell somas, but not axons. Their levels also peaked from 6 h to 12 h after injury. Another canonical ER stress transducer, ATF6, is activated by its cleavage (Yoshida, et al. 2000) . The cleaved N-terminal fragments rapidly translocate into the nucleus to act as a transcription factor. However, we could not detect the N-terminus of endogenous ATF6 in axons following injury. Hence, we assessed whether the ATF6 branch is activated in response to axonal injury by checking the expression level of binding immunoglobulin protein (BiP), a direct target of ATF6 (Gething 1999; Lievremont, et al. 1997) . BiP expression was gradually increased in both cell somas and axons after axonal injury. Peak BiP expression was detected between 6 h to 12 h following injury, which was similar to that of downstream molecules of the other UPR branches. These data indicate that UPR signaling pathways are activated in both cell somas and axons of DRG neurons after axonal injury.
Next, we examined the effects of Ca 2+ release from the ER on the induction of UPR signaling. Axotomy-induced upregulation of phosphorylated IRE1 and PERK was attenuated in cell somas and axons of DRG spot cultures pretreated with 2-APB or dantrolene 30 min prior to axotomy ( Figure 2C, 2D functions in mouse models of optic nerve and spinal cord crush (Hu, et al. 2012; Onate, et al. 2016; Valenzuela, et al. 2012) . Therefore, we focused on the roles of IRE1 and PERK pathways in regulating axonal functions and checked the phosphorylation of IRE1 and PERK in axons of DRG neurons following axonal injury by performing immunofluorescence staining.
Phosphorylated IRE1 was induced on the proximal side of the axotomy (Figure 3A, 3C ). The pretreatment of DRG neurons with 2-APB or dantrolene 30 min prior to axonal injury reduced the phosphorylation level of IRE1. The level of phosphorylated PERK was also elevated on the distal side of the axonal growth axis (Figure 3B, 3D) . The injury-induced phosphorylation was decreased by pretreatment with 2-APB or dantrolene, similarly to the effect on IRE1
phosphorylation. These injury-dependent increases in phosphorylated IRE1 and PERK in injured axons accorded with those detected by western blot analysis (Figure 2A) . These signals showed strong accumulation near growth cones and continuous intensities towards cell somas in axotomized DRGs ( Figure 3E ). In contrast, high intensities near growth cones were decreased, and fragmented patterns, displayed as intermittent sharp peaks in Figure 3E , were observed in axotomized DRGs pretreated with 2-APB or dantrolene. These results indicate that the downregulation of local UPR signaling induced by axonal injury may impair morphological changes in the axonal ER or disturb accurate distribution and activation of axonal ER stress transducers.
We further examined axonal injury-induced local UPR signaling in vivo by performing sciatic nerve crush, a mouse model of peripheral nerve injury. Immunofluorescence staining was used to detect axonal phosphorylated IRE1 and PERK ( Figure 3F) . Immunoreactivities of phosphorylated IRE1 and PERK were detected in axons at proximal and distal regions from the crush site. The attenuation of these signals was observed by pretreatment of sciatic nerves with 2-APB or dantrolene, consistent with observations in primary cultured DRG neurons
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( Figure 3F, 3G, 3H ). These in vitro and in vivo data suggest that axonal injury-induced Ca 2+ release from the ER activates IRE1 and PERK pathways of UPR branches in injured axons.
Axonal activation of IRE1 and PERK pathways facilitates axonal regeneration
We showed the activation of IRE1 and PERK signaling caused by Ca 2+ release from the ER in axons following axonal injury (Figures 2 and 3) , and that the inhibition of Ca 2+ release from the ER reduced axonal regeneration ( Figure 1F ). These findings drove us to examine the roles of injury-induced axonal UPR signaling in the regulation of axonal regeneration. To treat only axons with agents, primary cultured DRG neurons were grown in a microfluidic chamber to isolate axons from cell somas ( Figure 4A ). Cultured DRG neurons showed axonal regrowth after axotomy caused by pipetting the axon chamber. Axonal regrowth of DRG neurons was reduced by pretreatment of the axonal compartment with 2-APB or dantrolene 30 min prior to axotomy ( Figure 4D, 4E) . Additionally, we used GSK2606414 and 4μ8c as inhibitors of PERK or IRE1, respectively (Hetz, et al. 2013) . GSK2606414 is known to bind to the active site of the PERK kinase domain (Hetz, et al. 2013) . We confirmed that the phosphorylation level of the PERK substrate, α subunit of the translation initiation factor (eIF2α), was inhibited in DRG neurons treated with GSK2606414 ( Figure 4B) . Pretreatment of the axonal compartment with GSK2606414 attenuated regeneration ( Figure 4D, E) . We also performed It is well known that Schwann cells are critical for axonal regeneration after nerve injury (Jessen and Mirsky 2016) . In our in vivo experiments, the pharmacological treatments are not specific for axons and their effects on axonal regeneration could be due to effects on Schwann cells that indirectly impact on axonal regeneration. To elucidate whether the glial activation of the UPR is associated to the promotion of axonal regeneration, we performed immunofluorescence staining with S100, a marker of Schwann cells, and ER stress transducers in the sciatic nerve after the injury. Immunoreactivities of phosphorylated IRE1 and PERK were almost undetectable in S100-positive Schwann cells at crush sites after sciatic nerve injury ( Figure 4H ). The immunoreactivities of the phosphorylated ER stress transducers were located between S100-positive areas, consistent with axons ensheathed by Schwann cells.
These data indicate that axonal activation of UPR signaling, but not glial activation is involved in effective axonal regeneration.
GSK2606414 does not act as an inhibitor of RIPK1 in axonal injury model
GSK2606414 has been reported to inhibit TNFα-induced cell death mediated by the activation of RIPK1, a member of the receptor-interacting protein (RIP) serine-threonine kinase family (Geng, et al. 2017; Jaco, et al. 2017; Rojas-Rivera, et al. 2017 ). The expression of TNFα increases following diffuse axonal injury, such as traumatic brain injury or peripheral nerve injury (Fregnan, et al. 2012; Hang, et al. 2005) . To evaluate the potential contribution of RIPK1 to axonal regrowth after axotomy, we analyzed RIPK1 phosphorylation at Ser166, known to be promoted by TNFα signaling. Indeed, TNFα treatment induced the phosphorylation of RIPK1 in DRG neurons ( Figure 5B ). However, RIPK1 was not activated in response to nerve injury in DRG neurons or the sciatic nerve ( Figure 5A, C) . Furthermore, we pretreated the sciatic nerve with GSK'963, a specific inhibitor of RIPK1 to examine the effect of RIPK1 signaling on axonal regrowth. The regeneration of the sciatic nerve after the crush was not altered by pretreatment with GSK'963 ( Figure 5D , E). Taken together, GSK2606414 inhibits axonal regrowth after injury, as a PERK inhibitor, and this effect is independent of RIPK1 inactivation in our experiments.
Injury-induced UPR signaling regulates the morphology of the ER and growth cones in injured axons
As shown in Figure 3A and 3B, we observed impaired localization of phosphorylated IRE1
and PERK in axotomized DRG neurons pretreated with 2-APB or dantrolene. These results indicate morphological alteration of the axonal ER because of reduced axonal activation of UPR signaling. Therefore, we subjected DRG spot cultures to immunofluorescence staining for the ER membrane protein, calnexin, to test the effects of injury-induced UPR signaling on axonal ER morphogenesis ( Figure 6A) . Calnexin immunoreactivity revealed a continual axonal ER structure from axonal neurites to growth cones in DRG spot cultures after axonal injury. In contrast, pretreatment of axotomized DRG neurons with 4μ8c or GSK2606414 triggered ER fragmentation, consistent with the observations in DRG neurons pretreated with 2-APB or dantrolene ( Figure 3A, 3B, 3E, 6A, 6B) . In addition to the impaired morphological changes in the ER in neurites, the amount of ER structure in growth cones was diminished in DRG neurons pretreated with GSK2606414 or 4μ8c (Figure 6C, 6E) . These findings suggest that the morphology and extension of the axonal ER in axotomized DRG neurons were impaired by a lack of UPR signaling induced by Ca 2+ release from the ER. The significant decrease of ER containing growth cones may be attributed to impaired formation of tips.
Therefore, we next checked the morphology of growth cones. The formation of axonal growth cones is regulated by the extension of F-actin filaments (Dent, et al. 2011; Gomez and Letourneau 2014) . Hence, we evaluated the function of F-actin filaments using fluorescent substance-conjugated phalloidin, which can specifically bind to F-actin filaments ( Figure 6D,   6F ). The decreased expansion of F-actin filaments and filopodia was detected in growth cones of regenerative DRG neurons pretreated with 4μ8c or GSK2606414, indicating that F-actin dynamics and formation of the axonal tip were impaired in UPR-deficient DRG cells.
Consequently, injury-induced UPR signaling may modulate axonal regeneration by regulating the correct changes to ER structures and the formation of growth cones. These local events proximal to the axotomy site may modulate protein and phospholipid synthesis, and the efficient elongation of axons that is necessary for effective axonal regeneration.
Discussion
Axonal regeneration and functional recovery are promoted after axonal injury in the PNS (He and Jin 2016; Mar, et al. 2014) , and UPR components are relevant to injury-responsive outputs (Hu 2016; Li, et al. 2013; Valenzuela, et al. 2016 ). However, little is known about the mechanisms by which UPR signaling is activated in response to axonal injury, or the role of injury-induced axonal UPR signaling in the regulation of axonal functions. In the present study,
we demonstrated the following. 1) Axotomy induces Ca 2+ release from the ER lumen; 2)
Changes in Ca 2+ homeostasis in the ER lumen after injury activate UPR branches; 3) IRE1 and PERK pathways of UPR branches are upregulated in injured axons; 4) Injury-induced axonal activation of IRE1 and PERK pathways promote axonal regeneration; 5) Injury-induced UPR signaling regulates the correct morphological changes that occur in the axonal ER and growth cones. Our study reveals novel roles of axonal stores of Ca 2+ in the ER lumen in regulating injury-responsive local events, and the molecular mechanisms of axotomy-induced activation of UPR signaling at the injured site as a regenerative response ( Figure 6G ). Injury-induced Ca 2+ release from internal stores in the axonal ER lumen may orchestrate dual signaling cascades that propagate the Ca 2+ wave over a distance, and that fine-tune local events mediated by axonal UPR signaling. These integral signaling pathways may cooperatively promote axonal regeneration after injury.
In this study, we found that axotomy-induced Ca 2+ release from the axonal ER through IP 3 R
and RyR contributes to regrowth. Interestingly, our results showed that either 2-APB or dantrolene, specific inhibitors of IP 3 R and RyR, respectively, was sufficient to inhibit the increase of intracellular Ca 2+ levels, as monitored by the Ca 2+ -dependent enzyme PKCμ.
Furthermore, inhibition of VGCCs, which mediate Ca 2+ influx from extracellular spaces, completely blocks Ca 2+ wave propagation from the injured site to the cell soma after axotomy (Cho, et al. 2013) . Based on our findings and those of pervious reports, IP 3 R, RyR and VGCCs may strictly cooperate to regulate intracellular Ca 2+ levels in response to axonal injury. Indeed, there is cross-talk between IP 3 R and RyR in the modulation of Ca 2+ signaling in cardiac and smooth muscles (Ansari, et al. 2014; Tjondrokoesoemo, et al. 2013; Wang, et al. 2017 ).
Moreover, in skeletal muscle, RyR is allosterically activated by VGCCs when the membrane is depolarized (Boittin, et al. 2006; Van Petegem 2015) . It is conceivable that VGCCs can facilitate the activation of internal Ca 2+ channels rather than Ca 2+ influx across the membrane, and trigger Ca 2+ release from the ER in response to axonal injury. Collectively, although each 20 Ca 2+ channel contributes independently to the injury-induced Ca 2+ wave, they also control it synergistically. The downregulation of a Ca 2+ channel may lead to attenuated functions of other channels.
The assembly of a new growth cone, a specialized motile structure located at the tip of a growing neurite, is essential for axonal regeneration after injury. Formation of growth cones is regulated by remodeling of cytoskeleton, which consists of actin filaments and microtubules.
Actin filaments and microtubules play an instructive role in the regulation of growth cone motility and subsequent axonal growth (Bradke, et al. 2012; Hur, et al. 2012 ). PERK phosphorylation is increased along with accumulation of glycogen synthase kinase-3β
(GSK-3β) in the hippocampus of the Alzheimer brain (Hoozemans, et al. 2009 ), eventually accelerating the activation (Kim, et al. 2005; Song, et al. 2002) . Activated GSK-3β regulates the formation of actin filaments and microtubule dynamics through the phosphorylation of cytoskeleton-associated proteins, including microtubule associated protein 1B, tau, adenomatous polyposis coli protein and collapse response mediator protein (Geraldo and Gordon-Weeks 2009 ). Moreover, a recent report using non-neural cells shows that the PERK branch coordinates the ER-plasma membrane contact site through modulation of the actin cytoskeleton (van Vliet, et al. 2017) . These studies indicate that the PERK pathway is involved in the formation and dynamics of actin filaments. Indeed, our results revealed the collapse of F-actin formation and filopodia in growth cones of axotomized DRG neurons by blocking the activation of the PERK branch. Considering previous reports and our present findings, injury-induced UPR signaling may modulate the formation of growth cones through the regulation of cytoskeletal remodeling to promote axonal regeneration.
In addition to growth cone formation, cytoskeletal dynamics is also involved in the coordination of ER shaping. The axonal ER network shows a highly dynamic structure that is 21 constantly remodeled and extended through interaction with the cytoskeleton. The preservation of axonal ER morphology is essential for sustaining the normal physiological functions of neurons. Disturbance of ER morphogenesis is responsible for the progression of neurodegeneration (Filadi, et al. 2017; Phillips and Voeltz 2016; Vannuvel, et al. 2013) . Our data showed impaired ER morphology, characterized by ER fragmentation in UPR-deficient axotomized neurites. Notably, impaired ER shape and distribution in axons leads to axonal dysfunction and degeneration, and the pathogenesis of several neurodegenerative diseases including hereditary spastic paraplegias (Park, et al. 2010 ), Charcot-Marie-Tooth disease (Pennuto, et al. 2008 ) and amyotrophic lateral sclerosis (Fasana, et al. 2010) . Therefore, understanding of the molecular mechanisms for UPR-mediated alteration of axonal ER morphology is fundamental for the development of therapeutic strategies to treat traumatic nerve injury and neurodegenerative diseases.
We showed that IRE1 inhibition also led to impaired ER and growth cone morphology, consistent with the effects of PERK inhibition. It is known that the IRE1 signaling pathway regulates lipid metabolism (Lee, et al. 2008; Ochi, et al. 2016) . The synthesis and supply of membrane phospholipid is important for the correct organization of the ER and growth cones, as well as regulation of axonal regeneration (Pfenninger 2009; Posse de Chaves, et al. 1995; Sann, et al. 2009; Tuck and Cavalli 2010) . Although inhibition of IRE1 and PERK exhibited similar phenomena in the alteration of ER and growth cone morphologies, these abnormalities may be due to distinct processes; impaired lipid metabolism by IRE1-deficiency and disturbed cytoskeletal remodeling by PERK-deficiency.
Schwann cells, the glial cells of the PNS, are strictly required for axonal regeneration after peripheral nerve injury (Jessen and Mirsky 2016) . However, our data showed UPR signaling was activated in neurons but not in Schwann cells after sciatic nerve injury. Our data indicate 22 that axonal activation of UPR signaling is beneficial for axonal regrowth following the injury.
Nevertheless, we cannot exclude the possibility that Schwann cells affect axonal regeneration via activation of UPR signaling, because PERK activation in Schwann cells is reported to be detrimental for re-myelination in demyelinating peripheral neuropathy (Sidoli, et al. 2016 ).
However, it is established that downstream target of activated PERK, especially the phosphorylation of eIF2α, is beneficial for remyelination in neuropathy, including
Charcot-Marie-Tooth disease (D'Antonio, et al. 2013; Das, et al. 2015) . Further studies will reveal the precise molecular mechanisms of axonal regeneration regulated by axonal and glial activation of IRE1 and PERK branches.
The IRE1/XBP1 axis improves functional recovery and axonal regeneration after sciatic nerve injury by modulating macrophage recruitment for myelin removal .
Also, an ER-resident ER stress transducer, Luman/CREB3 is retrogradely transported to the nucleus in response to nerve injury and regulates cholesterol biosynthesis to promote axonal regeneration (Ying, et al. 2014; Ying, et al. 2015) . Moreover, ER-resident protein disulfide isomerase, ERp57, contributes to ER proteostasis during peripheral nerve regeneration (Castillo, et al. 2015) . Therefore, based on these observations and our data presented here, we speculate that orchestrated sensing of ER stress transducers and the following cooperative activation of UPR branches in response to peripheral nerve injury results in successful regeneration of damaged nerves via protein and lipid biosynthesis, and retrograde signal transduction for gene expression associated to axonal regeneration.
In conclusion, we demonstrated novel roles of axonal internal Ca 
